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Abstract 



A search for new physics is performed in events with two same-sign isolated leptons, 
hadronic jets, and missing transverse energy in the final state. The analysis is based on 
a data sample corresponding to an integrated luminosity of 4.98 fb" 1 produced in pp 
collisions at a center-of-mass energy of 7 TeV collected by the CMS experiment at the 
LHC. This constitutes a factor of 140 increase in integrated luminosity over previously 
published results. The observed yields agree with the standard model predictions 
and thus no evidence for new physics is found. The observations are used to set 
upper limits on possible new physics contributions and to constrain supersymmetric 
models. To facilitate the interpretation of the data in a broader range of new physics 
scenarios, information on the event selection, detector response, and efficiencies is 
provided. 
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The standard model (SM) is a very successful theory of elementary particles and their inter- 
actions. It is generally believed that new physics (NP) could manifest itself at the TeV scale. 
Supersymmetry (SUSY) is one of these attractive possibilities. It leads to gauge coupling uni- 
fication at very high energy provides a mechanism to mitigate large radiative corrections to 
the Higgs mass and, in its R-parity-conserving [1] realization, can provide a dark matter can- 
didate. A comprehensive program of searches for the production of supersymmetric particles 
has been underway since 2010 at the Large Hadron Collider (LHC). Since SUSY models vary 
widely, these searches target a broad range of possible final states, including purely hadronic 
states H2JI31, leptonic states with one lepton 0H5|, two leptons of the opposite sign [6JEL two lep- 
tons of the same sign [6 , 8], and three or more leptons [9|; as well as photonic final states pOlITT) . 

In this Letter we report on a search for NP based on isolated same-sign (SS) dileptons, missing 
transverse energy (E™ ss ), and hadronic jets. In SUSY SS dileptons can arise, for example, from 
pair production of colored super-partners (gluinos and/ or squarks), with a lepton in the decay 
chain of each primary SUSY particle lfT2l4T4| : more generally, this signature is sensitive to final 
states with same-sign W bosons and /or top quarks Ifl5l - (2"0"| . The rarity of SS dileptons in the 
SM makes a NP search in this final state particularly attractive. 

All types of charged leptons, e, ]i, and hadronically decaying ts, are included in our search. 
These final states are indicators of the possible presence of SUSY particles as well as other 
possible NP scenarios. The results are based on a data sample corresponding to 4.98 ± 0.11 fb _1 
of pp collisions at a center-of-mass energy of 7 TeV collected in 2011 by the Compact Muon 
Solenoid (CMS) [21] experiment at the LHC. This study results in a major improvement in 
sensitivity with respect to the search performed with data collected in 2010 |8| because of the 
140-fold increase in the integrated luminosity of the data sample. These results are interpreted 
using the constrained minimal supersymmetric extension of the standard model (CMSSM) [22 J. 
In addition, this analysis provides information on the event selection and detector response in 
order to facilitate the application of our results to a broader range of NP scenarios. 

A detailed description of the CMS detector is found elsewhere pi]. Its central feature is a su- 
perconducting solenoid providing an axial magnetic field of 3.8 T. Muons are measured in gas 
detectors embedded in the steel return yoke of the magnet, while all other particle detection 
systems are located inside the bore of the solenoid. Charged particle trajectories are measured 
by a silicon pixel and strip tracker system, covering \r\\ < 2.5, where the pseudorapidity is de- 
fined as t] = — In [tan 6/2], and 6 is the polar angle with respect to the counterclockwise beam 
direction. A crystal electromagnetic calorimeter (ECAL) and a brass/ scintillator hadronic cal- 
orimeter surround the tracker volume. In addition, the CMS detector has an extensive forward 
calorimeter and nearly hermetic 4zr coverage. The CMS trigger consists of a two-stage system. 
The first level of the CMS trigger system, composed of custom hardware processors, uses in- 
formation from the calorimeters and muon detectors to select a subset of the events. The High 
Level Trigger processor farm further decreases the event rate from around 100 kHz to around 
300 Hz, before data storage. 

All lepton candidates are required to have \tj \ < 2.4 and to be consistent with a common inter- 
action vertex. Muon candidates are reconstructed |l23l| by matching tracks in the silicon detec- 
tor to signals in the muon system. The reconstruction of muons is refined further by imposing 
track quality and calorimeter energy deposition requirements. Electron candidates are recon- 
structed [24] starting from a cluster of energy deposits in the ECAL, which is then matched to 
signals in the silicon tracker. The energy shower in the ECAL must have a shape consistent 
with expectations for electron showers and its position is required to be well matched to the 
extrapolated track. Both electrons and muons are required to be isolated from other activity 
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in the event. This is achieved using a scalar sum of transverse track momenta and transverse 
calorimeter energy deposits, within AR = a/ (A(p) 2 + (A?/) 2 < 0.3 of the candidate's direction, 
where (p is the azimuthal angle. The sum is required to be less than 15% of the candidate's trans- 
verse momentum (pj). Hadronic T candidates are reconstructed using the Hadron plus Strip 
algorithm [25|. We select isolated hadronic T candidates with one or three charged hadrons in 
a narrow cone around the T direction. 

Jets and E™ 1SS are reconstructed using the particle-flow technique [|26ll27| . For jet clustering, the 
anti-fcx algorithm is used with the distance parameter R = 0.5 II28I . We require selected jets to 
have pj > 40 GeV and \t]\ < 2.5 to be considered for analysis. The Hj is defined to be the scalar 
sum of the pj of all selected jets whose angular distance to the nearest lepton satisfies AR > 0.4. 
Events are required to have two same-sign leptons and at least two jets. A minimum dilepton 
invariant mass of 8 GeV is required in order to suppress the low-mass dilepton background. 
Events having a third lepton are removed if two of the leptons form a Z boson candidate with 
an invariant mass within ±15 GeV of the Z boson mass. 

Three selection strategies are followed to maximize the sensitivity to the presence of NP. The 
first one is to use a fully efficient dilepton and Hj based trigger in the ee, and e/Y channels 
with p l T >5 GeV and p| > 10 GeV, and a requirement of Hj > 200 GeV applied to the offline 
reconstructed objects. The second strategy trades an increased lepton pj threshold against a 
reduced Hj threshold. Here both leptons are required to have pj > 10 GeV and at least one to 
have pj > 20 GeV. Such events are collected with a purely leptonic trigger with no requirement 
on Hj. The third strategy focuses on re, rji, and tt final states with p T > 5 GeV, p\ > 10 GeV, 
and p\ > 15 GeV. Triggers for hadronic T-leptons typically lead to high rates. For this reason 
dedicated triggers are used that rely on significant Hj and E™ 1SS , in addition to the presence of 
a single lepton or two hadronic T-leptons. 

Using R-parity-conserving SUSY as a guiding example, we note that the simplest incarnation 
of the topology probed by this analysis involves three distinct mass scales. In this example, 
these masses would belong to the gluino, chargino, and lightest SUSY particle (LSP). The mass 
differences of these particles can strongly influence the kinematics of the final state objects, 
hence affecting several main observables used in this analysis: lepton pj, Hj, and E™ 1SS . There- 
fore, in order to maximize the sensitivity of our analysis to a variety of NP scenarios, we define 
multiple search regions in the (H T , E™ iss ) plane : Region 1 (H T > 80 GeV, E™ iss > 120 GeV), 
Region 2 (H T > 200 GeV, E™ iss > 120 GeV), Region 3 (H T > 450 GeV, Ef iss > 50 GeV), Region 4 
(Hj > 450 GeV and E™ iss > 120 GeV), and Region 5 (H T > 450 GeV and Ef iss > OGeV). The 
Hj requirements of 200 GeV and 450 GeV are also motivated in part by trigger thresholds. A 
scatter plot of events observed in these search regions is shown in Fig.JT] 

The background for the same-sign dilepton topology has three components: irreducible back- 
ground from rare SM processes; leptons resulting from semileptonic decays within a jet, or 
jets mimicking leptons in events with zero or one genuine isolated lepton; and opposite-sign 
dilepton events where the charge of one of the two leptons has been mismeasured. 

The irreducible backgrounds are dominated by tf + W ± /Z, W ± W ± qq, and W ± Z production, 
combining in similar parts to about 95% of the total. The remaining contributions originate 
from processes such as tri-boson and ZZ production, W ± Z + 7, and double-parton scattering 
2 x (qq' — y W ± ), in decending order of importance. All irreducible backgrounds are estimated 
using leading-order Monte Carlo simulation normalized to the next-to-leading order (NLO) 
production cross sections. Events are generated with the MadGraph [29| event generator and 
then passed on to pythia |3"0"| for parton shower and hadronization. The generated events are 
processed by the CMS event simulation and the same chain of reconstruction programs used 
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Figure 1: Selected SS dilepton events in the various search regions displayed in the Hj, 
Ef iss plane. 



for collision data. A 50% systematic uncertainty is assigned to this irreducible background 
prediction. These processes constitute 35-75% of the total background, depending on the search 
region. 

The background due to lepton candidates originating from jets, hereafter referred as non- 
prompt, forms 20-60% of the total background. Such candidates can be genuine leptons, for 
example from heavy-flavor decays, hadrons reconstructed as leptons, or jets fluctuating to give 
hadronic T signatures. We have developed and validated a set of techniques to measure this 
background from data. In each case, a tag-and-probe method is applied to a control sample 
rich in two-jet events containing leptons selected with loose requirements to measure the con- 
ditional probability that the probe jet yields a candidate passing tight lepton requirements. This 
probability, measured as a function of jet kinematics and event characteristics, is then applied 
to signal sidebands to estimate non-prompt lepton backgrounds. This suite of techniques en- 
compasses a range of control samples, jet tags, lepton requirements, and variations in the jet 
kinematics to provide independent and complementary assessments of 50% systematic uncer- 
tainties. Full details are given in Ref. [8|. At least two techniques are used in all non-r dilepton 
modes and they yield consistent results within their respective uncertainties. 

We quantify backgrounds from events with lepton charge mis-reconstruction by analyzing SS 
ee or tt events inside the Z mass peak [81. This background forms less than 5% of the total 
background across all search regions. The charge mis-reconstruction probability for muons is 
of the order of 10~ 5 and can be neglected. 

We determine the performance of the background prediction methods using the low Hj and 
low E™ 1SS region in the data that is expected to be dominated by SM events. We find good 
agreement between observed yields and the predicted background. 

We show the predicted background contributions from each source mentioned above as well as 
the observed event yields in Fig. [2] and summarize them in Table [I] for each search region. The 
beam related multiple interactions do not alter these results. There is no evidence of an excess 
over the expected SM predictions. This measurement is used together with the uncertainty on 
the signal acceptance to set an upper limit (UL) on the contribution from NP events. 
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Figure 2: Summary of background predictions and observed yields in the various search re- 
gions. Leptons from decays of W, Z, and NP particles are referred to as prompt leptons. The 
hatched bands represent the total uncertainty on the background predictions. 



Table 1: Observed number of events in data compared to the predicted background yields for 
the considered search regions. The uncertainties include the statistical and systematic compo- 
nents added in quadrature with correlations taken into account. The 95% CL upper limit (UL) 
on the contribution from NP events is also given. 



Region 



Mode or pj threshold 



Total UL 



High p T : p T U2 > 20, 10 GeV 





ee 


W 


ep. 






1 


6.8 ± 2.7 


8.6 ± 3.3 


18.7 ±6.9 


34.1 ± 12.2 






5 


7 


12 


24 


13.7 


2 


4.3 ±1.9 


6.1 ±2.4 


12.2 ± 4.6 


22.6 ± 8.3 






4 


6 


11 


21 


15.1 


3 


3.8 ±1.7 


3.1 ±1.4 


6.1 ±2.4 


13.0 ±4.9 






4 


2 


5 


11 


9.6 


4 


1.1 ±1.1 


1.2 ±1.2 


2.6 ±1.4 


4.9 ± 2.6 






1 





3 


4 


6.2 


5 


9.1 ±3.6 


4.7 ±1.9 


9.8 ±3.7 


23.6 ± 8.4 






7 


4 


5 


16 


10.4 




Low 


pj : p e / > 10, 5 GeV 








ee 




ep 






2 


4.4 ±1.8 


14.1 ± 6.0 


16.5 ± 6.4 


35.0 ± 13.4 






4 


10 


14 


28 


16.9 


3 


3.4 ±1.6 


6.5 ± 2.8 


8.9 ±3.6 


18.8 ±7.1 






4 


6 


8 


18 


14.0 


4 


1.0 ±0.8 


2.4 ±1.2 


3.2 ±1.5 


6.6 ± 2.8 






1 


2 


3 


6 


7.4 




Tau channels : p^'' ,/T 


> 10, 5, 15 GeV 








er 




TT 






4 


2.6 ±1.0 


4.4 ±2.2 


0.0 ±0.1 


7.1 ±2.8 






1 


5 





6 


7.1 
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We measure the electron and muon selection efficiencies in data and simulation using Z events 
to derive simulation-to-data correction factors. The uncertainty on the combined lepton selec- 
tion efficiency decreases with lepton pj, from 5% at the lowest pi to 3% above 20 GeV. We 
assign an additional 5% systematic uncertainty per lepton to cover potential mismodeling of 
the lepton isolation efficiency due to varying hadronic activity in signal events. We estimate in 
a sample of Z — > tt events the uncertainty on the T selection and reconstruction efficiency to 
be 10% |23. 

We conservatively choose to attribute a flat uncertainty of 7.5% to the energy measurement of 
all jets as well as to the hadronic component used for the E^ ass observable. The cumulative 
effect of this uncertainty on the signal acceptance is intrinsically model dependent. We observe 
uncertainties below 3% for models with characteristically high Hj scales, well above the Hj 
requirements. For models with characteristic Hj scales near or below the Hj requirements, 
uncertainties due to jet energy calibration can be as high as 30%. 

The theoretical uncertainties on the signal acceptance due to the modeling of initial- and final- 
state radiation and knowledge of the parton distribution functions are estimated to be 2%. Us- 
ing the LM6 benchmark model (CMSSM point with m = 85 GeV, m 1/2 = 400 GeV, tan $ = 10, 
Aq = 0, and p > 0) |3T1 as a signal model, the total experimental and theoretical uncertainties 
in the signal yield add up to 14% or 20% depending on the search region. This includes a 2.2% 
systematic uncertainty in the integrated luminosity 1132 1 . 

We set a 95% confidence level (CL) upper limits on the number of observed events using the 
modified frequentist construction CL S method H33fl35]| . We assume log-normal distributions for 
the efficiency and background uncertainties. As a reference, we provide in Table [I] the upper 
limits based on a 20% signal acceptance uncertainty. 

In order to compare our signal sensitivity to that of other searches for SUSY, we interpret the 
results in the context of the CMSSM model. We compare the observed upper limits on the num- 
ber of signal events reported in Table [l] to the expected number of events in each signal region 
in the CMSSM model in a plane of (mo, mi/2) for tan f> = 10, Aq = 0, and p > 0. For each point 
in the CMSSM, we choose the signal region providing the best expected upper limit on the 
cross section to evaluate the observed limit; in all cases the best limit is achieved in Region 4, 
where high pj leptons, large Hj > 450 GeV, and E™ 1SS > 120 GeV are required. We interpret 
all points having mean expected values above the corresponding observed upper limit as ex- 
cluded at the 95% CL. For this exercise the systematic uncertainty on the signal acceptance is 
re-evaluated for each point in order for the upper limit to reflect the varying influences of the jet 
energy scale uncertainty. We display the observed exclusion region in Fig. [3] For mo > 1.3 TeV, 
the exclusion curve flattens out at about M\/i ~ 290 GeV, which corresponds to a wino-like £r 
mass of ~200 GeV. The new result extends the excluded CMSSM region to gluino masses of 
710 GeV. This exclusion includes a -lc t /, reduction to account for theory uncertainty Il36l444| on 
the cross section; the limit is independent of the squark masses. 

One of the challenges of signature-based searches is to convey information in a form that can be 
used to test a variety of NP models. In Ref. JSJ, additional information is presented that can be 
used to confront NP models in an approximate way through generator-level simulation studies. 
The approximate model of lepton, jet, and E™ 1SS selection efficiencies in terms of the generator- 
level quantities are shown to be sufficiently accurate to reproduce the constraints on NP models 
that otherwise would require the full CMS detector simulation. The efficiency dependence can 
be parameterized as a function of pj (expressed in GeV) as0.72{erf[(px — 10)/22.5]} + 0.22{1 — 
erf[(p T - 10)/22.5]} for electrons, 0.79{erf[(p T - 5)/19.5]} + 0.41{1 - erf[(p T - 5)/19.5]} for 
muons, and 0.341 — exp[— 0.052(px — 15)] for taus, where erf is the error function. We stud- 
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Figure 3: Exclusion region, below the red curve, in the CMSSM corresponds to the observed 
upper limits on the number of events from NP. The central observed curve, which includes 
experimental uncertainties, is obtained using high pj leptons with Hj > 450 GeV and Ej^ ss > 
120 GeV. The hatched region corresponds to the theoretical uncertainties on the cross section, 
whereas the shaded region shows the experimental errors with ±lc variation. We also show 
the result of the previous analysis [8] to illustrate the improvement. 

ied the efficiency for an event to pass a given reconstructed E™ 1SS (Hj) threshold as a function 
of the generator-level Eij? iss (Hj), where in the latter case E™ 1SS is computed using neutrinos 
and the LSPs and Hj is the scalar sum of the transverse momenta of the partons that sat- 
isfy the same jet selection criteria used in this analysis. The dependences are parameterized 
by 0.5eoo{erf[(x — Xi/ 2 )/u] + 1}, where x corresponds to the generator-level E2p iss or Hj, 
is the selection efficiency plateau at high values of x, Xi/ 2 is the value of x corresponding to 
half the plateau efficiency, and a determines how fast the efficiency changes with x. For the 
Hj selections of 200 and 450 GeV, the values of {e 00 ,x 1/2 ,o-) are (0.997, 185 GeV, 99 GeV), and 
(0.992,441 GeV, 120 GeV), respectively. For the Ef iss selections of 50 and 120 GeV, the param- 
eters are (0.999, 43 GeV, 39 GeV), and (0.999, 123 GeV, 37 GeV), respectively. We tested the pa- 
rameterized efficiency model in the CMSSM, and the results obtained agree at the 15% level 
with the full simulation results. 

In summary, we conducted a search for physics beyond the standard model based on same- 
sign dileptons in the ee, }i}i, e}i, er, jiz, and tt final states, and find no evidence for an excess 
over the expected standard model background. We set 95% CL upper limits on contributions 
from new physics processes based on an integrated luminosity of 4.98 fb -1 in the range of 6.2 to 
16.9 events, depending on the signal search region. These are the most restrictive limits in this 
particular final state to date. We have also shown the excluded region in the CMSSM parameter 
space. 
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